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Introduction
Among the fluid-structure instabilities that can be experienced by a slender streamlined body in cross flow, classical flutter and stall flutter are probably the most thoroughly investigated. Observed since the early days of flight the classical flutter of airplane wing is a dynamic instability for which self-sustained oscillations of great violence occurs above a critical speed. Often called coupled-mode flutter this instability involves at least two modes of the system and, unlike the stall flutter, its onset does not rely on any flow separation. It can hence be observed on wing with no angle of attack if not properly designed. Theory of flutter 4 based upon linear unsteady aerodynamic formulations has been successfully developed to predict the critical conditions for the generic case of a two degrees of freedom "pitch-plunge" oscillating wing (Theodorsen, 1935; Sears, 1941) . Since those early works the physical explanation of bending-torsion flutter has also been highlighted (see for example Fung, 1955 or Bisplinghoff and Ashley, 1962) . It is now well understood that the classical flutter relies on fluid-elastic coupling between the structural modes. Indeed combined plunging and pitching motions can produce, above a critical flow velocity, interactions and phase shifts in a way that energy is transferred from the flow to the structure. Another distinguishing feature of the coupled pitch-plunge flutter is that both frequencies tend to merge near the flutter condition (Dowell et al, 2004) .
Even though classical flutter is a well-known phenomenon, few investigations on the postcritical behaviour have been made, except for nonlinear aeroelastic systems encountered in aeronautics (see Dowell et al, 2003) . Lee et al (1999) also presented an extensive review of nonlinear aeroelastic studies focusing on one-degree-of-freedom (pure pitch) or two-degreeof-freedom (pitch-plunge) oscillating airfoils. According to those reviews most referenced studies focused on the impact of concentrated structural nonlinearities such as cubic stiffness (Lee and LeBlanc, 1986) or control surface freeplay (Conner et al, 1997) and on the effects of nonlinear aerodynamics due to shock wave motion in transonic flow (Schewe et al, 2003) or stall flutter of airfoil (Ericsson and Reding, 1971) .
Unlike classical flutter, stall flutter is a dynamic instability that does not depend on coupling (Naudascher and Rockwell, 1994) . This phenomenon is of particular importance for wing operating at high angle of attack (Victory, 1943) , for helicopter rotor blades (Ham and Young, 1966) and for wind turbine blades (Hansen et al, 2006) . For wing or blade in stall flutter, torsion is the mode of vibration most commonly involved. The mechanism for energy transfer then relies on a dynamic stall process for which the flow separates partially or completely during each cycle of oscillation (Dowell, 2004; Bhat and Govardhan, 2013) . Due to the nonlinear nature of the aerodynamic load involved, stall flutter is limited in amplitude (McCroskey, 1982; Li and Dimitriadis, 2007) . Many studies have been devoted to the dynamic stall process experienced by a wing oscillating around the static stall angle of attack (McCroskey and Philippe, 1975; Carr et al, 1977) and to the aeroealastic response of a pure pitch or pitch-plunge airfoil in the post critical stall flutter condition (see for example Dunn and Dugundji, 1992; Price & Fragiskatos, 2000; Li and Dimitriadis, 2007; Sarkar and Bijl, 2008; Razak et al, 2011) . Among those studies only few have pointed out that classical flutter could also be limited in amplitude. Post-critical LCO have been experimentally observed by Dunn and Dugundji (1992) on a cantilevered wing at low angle of attack but they concluded, 5 based upon additional numerical calculations, that observed LCO were mainly due to a cubic hardening stiffness effect. Price and Fragiskatos (2000) performed numerical nonlinear aeroealastic studies on a two-degree-of-freedom structurally linear airfoil. They identified LCO beyond the critical velocity and a gradual increase of LCO amplitude with the velocity.
They argued that LCO are due to the nonlinear nature of the aerodynamics but they also mentioned that their results should be taken carefully due to the fact that their dynamic stall model had not been validated for high amplitudes. As for stall flutter, it therefore appears that with no structural limitation classical flutter does not grow exponentially but also exhibit limit amplitude oscillation.
In the new and challenging field of energy harvesting through fluid-structure instabilities, the coupled-mode flutter mechanism has been recently scrutinized (Peng and Zhu, 2009; Zhu, 2012; Boragno et al, 2012) . A greater focus on post-critical behaviour is however necessary in order to improve the characterization, physical understanding and modeling of the large amplitude self-sustained vibrations resulting from these instabilities. The aim of this paper is to provide experimental results in that context. 
Experimental set-up
The experiments were performed using a rigid flat and rectangular steel plate of span s=0.225m, chord length c =0.035m and thickness t c =0.0015m, corresponding to a thicknessto-chord ratio of 4.3%. Dimensions are shown in Fig. 1 . In order to limit the effect of the Reynolds number, no modification was made on the nose and tail of the model which is characterized by a rectangular cross section. End plates were mounted at each extremity of the flat-plate model in order to limit end 6 effects. The set-up is shown in Figs. 1 and 2 . The vertical stiffness of the system was set by two long steel laminated springs and two sets of additional linear springs. In order to limit the structural damping in rotation no bearings were involved in the design and the axis of rotation was linked to the laminated spring by point-tailstock mechanical connections. The rotational stiffness was set by two linear springs (see Figs. 1 and 2) and the elastic axis was fixed at a distance x cg ahead of the centre of gravity (see Fig. 3 ).
Tests were performed for a mean velocity in the test-section varying from 5 to 13m/s, with a turbulence level less than 0.4% over this velocity range. In the present study the mean angle of attack of the model is set to zero.
The two degrees of freedom ( ) 
Structural parameters
Since the elastic centre was not located at the centre of gravity, the two-degree-of-freedom system (see Fig. 3 ) was structurally coupled. The linearized equations of motion can then be expressed as following (Fung, 1955) :
where the parameters m, Iα, D h , Dα, K h , Kα are the system's mass, moment of inertia about the elastic axis, structural damping and stiffness in plunge and pitch, respectively. Results show that the bending stiffness behaves linearly in the range -0.6 ≤ h/b ≤ 0.6. On the other hand the stiffness in rotation is characterized by a small softening spring behaviour which is well described by the following cubic function for the restoring torque (where βα is a cubic non linear coefficient):
Therefore, the stiffness in rotation has a quasi-linear behaviour in the range -25 deg ≤ α ≤ 25 deg, with a departure from the linear behaviour smaller than 6% for α ≈ 25 deg. For higher angles of rotation the stiffness smoothly reduces and for α ±50 degrees the restoring torque is 19% lower than its linear approximation. 
Non dimensional values reported in Table 2 show that the damping ratio Assuming that the structural damping is small, the inertia Iα and mass m of the moving parts of the set-up are found, using:
Free decay tests have also been performed for the two-degrees of freedom system under zero wind conditions. From the measured natural frequencies ω 1 and ω 2 of the coupled system one can identify the static unbalance of the section model about the elastic axis using the following expression (see Bisplinghoff and Ashley, 1962) :
Structural parameters of the system are summarized in Tab 
Low speed flutter results
Experiments were performed with the flat plate model at zero mean angle of attack for a wind tunnel velocity ranging from 5 up to 13m/s (i.e. 1.17×10 4 < Re < 3.03×10 4 ). When the flow velocity is increased the system remains stable to any small initial perturbations up to a critical velocity U c ≈10.5 m/s (Re ≈ 2.45×10 4 ). Beyond this critical velocity the system undergoes a coupled-mode flutter instability characterized by limit cycle oscillations that were studied up to U/U c ≈1.2. For higher velocities the dynamics of the system are corrupted by a static divergence in the pitching degree of freedom due to the structural limitation of the experimental set-up.
Frequencies evolution with the flow-velocity
Free decay tests have been performed for various velocities in stable and post-stable conditions. Spectral analysis of the dynamical responses was used to identify the frequencies 12 of both aeroelastic modes of the system as a function of the wind velocity. Dimensionless results are reported in Fig. 6 . 
Linear flutter prediction; eigenvalues evolution with the flow-velocity
Dynamic eigenvalues of the two-degree-of-freedom aeroelastic system was calculated 13 using Eq. (1) and the linear Theodorsen's formulation for the motion-induced lift and moment (Theodorsen, 1935) : . One can also notice that beyond the critical velocity the coupled-mode flutter frequencies which have been measured are very close to the theoretical pitching branch.
Analysis of the dynamical response
Below the critical velocity, i.e. for 6 . 10 < 8 shows the evolution with time of the growth (or damping) rate ζ of both the plunging and pitching response along with the phase angle ϕ by which the plunge leads the pitch. Each point ζ was identified from the natural log difference of the amplitude of any two successive peaks (maximum or minimum) in plunge or pitch:
With those definitions any growth (or damping) rate value can be directly compared to structural damping ratios h η or α η . The evolution of the phase shift ϕ has been identified considering the time delay between any two successive peaks (maximum or minimum) in pitch and plunge:
With this definition ϕ is the phase angle by which the plunging motion leads the pitching motion, assuming that both pitch and plunge can be locally approximated by quasi harmonic Starting from rest with an initial deflection h 0 /b ≈ 0.18 the plunging oscillation amplitude first decreases (ζ ≈ -2%) while the pitching amplitude strongly increases (ζ > 5%). After 3 cycles for which ϕ ≈ 50 deg, both the pitch and plunge exhibit positive growth rate 0 < ζ < 3% with an associated phase shift ϕ ≈ 30 deg. For For higher velocities, the dynamical response changes dramatically. This can be seen in This is confirmed in Fig. 10 showing the time history of the plunging and pitching growth rates along with the evolution of the phase shift ϕ. 
Conclusions
The dynamical response of a two-degree-of-freedom flat plate section model undergoing coupled-mode flutter in a wind tunnel was studied. Tests were performed at low Reynolds number (1.17×10 4 < Re < 3.03×10 4 ) using an experimental set-up that enables high amplitude linear response in pitch and plunge for relative velocity up to U/U c ≈ 1.2. Those results clearly show that this two-degree-of-freedom pitch and plunge flat plate aeroelastic system is submitted to nonlinear effects. One may then wonder if structural nonlinearities, aerodynamic nonlinearities or both of them are responsible for this behaviour.
Cubic structural nonlinearities in pitch/plunge aeroelastic wing were analytically studied by Woolston et al. (1955) and more recently by Lee and LeBlanc (1986) . Using a linear 21 formulation for the aerodynamics, they both analyzed the effect of hard and soft cubic springs in the torsional degree of freedom on flutter boundaries and post critical behaviour. Results
showed that a soft spring can affect the stability boundary of the system, i.e a high initial angle of attack can have a destabilizing effect and trigger the flutter. Meanwhile for a small nonlinear spring constant βα = -0.3, which is close to that of our system, Lee and LeBlanc (1986) found only a small deviation (≈1%) from the linear flutter boundary. Furthermore they only observed LCO for hard spring. From these results the soft spring cubic nonlinearity of our system (βα ≈ -0.25) should have a negligible impact on the flutter boundary results. On the other hand even though it can affect the post-critical response and the observed LCO amplitudes for pitching oscillations beyond ±25°, it cannot be responsible for the saturation mechanism.
As in Price & Fragiskatos (2000) our system seems then to be mainly affected by nonlinear nature aerodynamic effects. Indeed it is interesting that the first saturation highlighted at the critical condition U=U c occurs when the angle of rotation reach the static stall angle of attack (α ≈ 7-8 deg.). For higher velocity, the system branches off to higher and more stable LCO. Nonlinear dynamic stall conditions can then be responsible for the new saturation in amplitude but further investigations are needed to characterize the mechanisms involved.
